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Interesting and important issues remain for future studies. Whether a similar conservation in ligand sequence will be seen in terms of cross-reactive recognition of the pMHC class I ligands of CD8 + T cells is unknown. Even if such constrained cross-reactivity is generalizable to most TCRs, as the authors suggest, this does not rule out the possibility that exceptions might exist and could be important in specific contexts. Lastly, the screening methodology used does not necessarily reflect the full range of affinities over which functional responses of T cells can occur. Thus, peptides for which a TCR has very low affinity may be missed. It is therefore unclear whether subthreshold selfpMHCs would also be homologous to agonist peptides and bound in a similar manner.
The focused nature of T cell cross-reactivity allowed Birnbaum et al. to develop computational tools and discover novel environmental antigens stimulatory for a given TCR, identifying TCR epitopes present in plants, animals, and microbes. The combined ability to gather a large data set on patterns among peptides recognized by a TCR and to design algorithms to search proteomic databases for such patterns has enormous promise as a ligand discovery tool, both for when the ligand might be unknown or for when it is suspected that a cross-reactive trigger has resulted in the expansion of a T cell population. Such database analyses might provide an explanation for the observation that memory T cell populations exist in humans for pathogens to which they have never been exposed (Su et al., 2013) or result in the identification of microbial triggers of autoimmunity. In this issue, Alushin et al. report high-resolution structures of three states of the microtubule lattice: GTP-bound, which is stable to depolymerization; unstable GDP-bound; and stable Taxol and GDPbound. By comparing these structures at near-atomic resolution, they are able to propose a detailed model for how GTP hydrolysis destabilizes the microtubule and thus powers dynamic instability and chromosome movement. Destabilization of cytoskeleton filaments by nucleotide hydrolysis is an important general principle in cell dynamics, and this work represents a major step forward on a problem with a long history.
Shinya Inoué , a pioneer of cell dynamics, imaged mitotic spindles in living cells with polarization microscopy. The birefringence that he observed and its response to perturbation showed that spindles are built of aligned protein fibers that exist in rapid dynamic equilibrium with a pool of unassembled subunits. He proposed that spindle fiber disassembly generates force to move chromosomes in the 1950s, but the molecular details were unclear ( Figure 1A ). Later biochemistry revealed that spindle fibers are built of tubulin, an ab heterodimer that must bind GTP on its b subunit to polymerize. GTP is hydrolyzed shortly after polymerization, releasing phosphate and leaving GDP bound in the lattice (Carlier and Pantaloni, 1981) . Marc Kirschner and I showed that the free energy of GTP hydrolysis is used to destabilize the microtubule. Microtubule ends containing GTP are stable and polymerize, whereas ends containing GDP are unstable and depolymerize ( Figure 1B) . The thermodynamic drive toward disassembly caused by GTP hydrolysis powers large length fluctuations, called dynamic instability, and is also thought to pull mitotic chromosomes toward spindle poles in many systems. Thus, destabilization by GTP hydrolysis is fundamental to the biology of microtubules. Mechanistic clues came from cryoelectron micrographs showing outward curling of protofilaments (lines of subunits that run parallel to the microtubule) during disassembly (Mandelkow et al., 1991) and an altered lattice when GTP hydrolysis was blocked using an analog (Hyman et al., 1995) . These implied a role for mechanical strain in destabilizing microtubules, but how does GTP hydrolysis generate this strain?
By comparing structures of microtubules polymerized with GTP and GMPCPP, a nonhydrolyzable analog, Alushin et al. visualized changes caused by GTP hydrolysis and phosphate release at near-atomic resolution ( Figure 1C ; Alushin et al., 2014) . They used electron microscopy (EM) and image averaging and developed several technical innovations to improve the resolution. The senior author, Eva Nogales, has long been a leader in high-resolution EM and its application to microtubules. Modeling was necessary to extend the EM data to angstrom-scale information. Atomic details around the GTP must therefore be considered provisional, but the model provides our first glimpse into destabilization mechanism. Phosphate release leaves a hole in the GTP-binding site, and loops from both tubulin subunits move in concert to fill it ( Figure 1D ), causing a slight compaction of a-tubulin ( Figure 1C ). This compaction generates strain in the lattice, which captures and stores part of the energy of GTP hydrolysis in a mechanical form. Disassembly releases this strain by allowing outward curving of protofilaments. The effect is large. Dissociation of subunits from a GDP microtubule occurs thousands of times faster than from a GTP microtubule (Hyman et al., 1992) , and this difference is thought to power dynamic instability and chromosome movement in spindles where disassembly occurs at kinetochores.
Alushin et al. also update our understanding of how the important anticancer drug Taxol stabilizes microtubules by binding on the inside surface and partly reversing the conformation change triggered by GTP hydrolysis. An enduring mystery is how Taxol selectively kills tumor cells in the human body. Taxoltreated cells arrest in mitosis due to activation of the spindle assembly checkpoint, leading to death or senescence of the dividing cell. However, given the slow proliferation rate of solid tumors, it is far from clear that tumor cells must undergo division to be killed by Taxol (Mitchison, 2012) . That we now understand Taxol so well at the molecular level but so poorly in the human body reflects the challenge of inferring mechanism from clinical observations. The work of Alushin et al. depended on an unusual nonhydrolyzable analog of GTP, GMPCPP, in which the a-b bridging oxygen is replaced with a methylene group. During my PhD in Marc Kirschner's lab, I looked long and hard for a nonhydrolyzable GTP analog that supported efficient tubulin polymerization, but the standard analogs GTPgS and GMPPNP bind poorly to tubulin. GMPCPP was reported to efficiently promote microtubule assembly (Sandoval et al., 1977) , but in the early 1980s, there was no commercial source. Shortly after starting my own lab at UCSF, I participated in a grand cleanup of my old thesis lab and found an old, unopened bottle of GMPCPP buried deep in a freezer. Tony Hyman confirmed that it promoted efficient assembly and showed that the resulting microtubules were extremely stable (Hyman et al., 1992) . GMPCPP became a key tool in the field. A highly respected tubulin biochemist, Michael Caplow, later questioned our findings, asserting that GMPCPP is, in fact, hydrolyzed during tubulin polymerization. After some strong words and biochemical sleuthing, he and I found that GMPCPP is hydrolyzed in Na + -based, but not in K + -based, buffers (Caplow et al., 1994) . I still use this story to scare first-year students into thinking precisely about what is in their buffers.
Much remains to be done to understand how nucleotide hydrolysis powers cytoskeleton polymerization dynamics more generally. EM structural methods are improving rapidly and will likely help to solve this problem for diverse members of the tubulin and actin families. How disassembly drives chromosome movement-Inoué 's original interest-is also a fascinating problem whose solution will require innovation in biophysics as well as structural biology. 
